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POLYACETYLENE AND RELATIVISTIC FIZLD-THEOR}’ MODELS

A. R. BISHOP, D. K. CAMPBELL AND K. FESSER ,
Theoretical Division arid CenLer for ?Jonlinear Studies
Los Alamos National Laboratory
Los Alamos, NM 87545 U.S.A.

Connections between continuum, rnean-firld, adia-
hati(” Pcierls-FrGhlirh theory in the hd]f-fi]]ed
hdrld ]imit and known field theory results i.trc dis-
cus:iecl. Particular attention is given to the O’
model and to thr solvable N = 2 Gross-Neveu model.
T1)cI latter is quivd]ent to the Prierls system at a
static, semi-classical levrl. BAs(l(] on this f*quiv,3if1flct’
we note the prediction of both kink and po]aron soli-
tons in models of trans-(CH) . ‘“~olirrons “in ;ls-(CH)
are compared with tl]os(~ fin t It’ trans isomt’r. ‘“-0\)ti(4Y
absorption from polar-ons is describe(i, tiIII\ g(~tit’riil ex-
perimental consequt~nces of polarons in (CH) and other
runjugittc’d polymers 1s discussed.

x

1. I vmom’c’r I ON.

III rt’(erlt morlths thcrv has been an rnthl]siirsti( Jnd
grfwing apprf~clat ion of relationships brtwr(’rl mod(’ls uf (on-
Jllgated polyfli(’rs such as polyacetylenr ((C}{) ) itnd rel,3ti-
vistiu flel(f theory models, A notable ex~mp~c is the fPJ-
ture of fractionally char ~d defect states ‘~ith Unusuiil.-..- ---+-spin/charg”e assl~;;rnts. This has a several year history
in field theory and Peierls-Frohlich char~e rfensitj wavv
thevry. The topic is covered in detail by Schrieffer, l so
WL’ will not dwt’11 on it ht~re, Rather, in this paper wr com-
ment on two ~eneral areas of connections bct~een mod[’1 flr]d
theories and h~lf-fj.lled hand Peierls systems, which havr..--.,
augmc~nted vxisting th~orvtical descriptions of polyacety-
lene:2
(a) E(Jui_valen(Ss hetwrrn fiel-d -qquatiolls. Thr level of..-—.
equivhlenc(’ ht~s to be mndr rxpliclt in individual cases.
Here w(* will use an exact equivalence 2 hrtwrerr thr s}gt_;f,
scrrliclii’;sical N = 2 Gross-Neveu (G-N) flrld throry3-al~d the
co[ltlnuum limit’ of thr half-filled band P~i(’rls chain, dcs-
cribcti in a discrrtr Huckel basis by Su et, al,l’b ~lnd
so]ved in a mvan-field, adiabatic approximation: for bre-. ..—.
vity wr will’ r;”f~r”to the continuum theory as the TLtf equa-
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tions,4 It is not appropriate here to describe the G-N
model in detail ~see ref. 2 for a complete description and
proof of the equivalence). We remark only that the general
N-component G-N mode13 is a one-space, one-time dimensional
field theory of self-coupled fermions of N “types”: our
equivalence uses N = 2, corresponding to the spin degen-
erac~r. G-N is of interest to field theorists as a solvable
mode16 exemplifying a number o: crucial concepts developed
by them in recent years; asymptotic freedom, dynamical spon-
taneous symmetry-breaking, ultraviolet renormalization,
dimensional transmutation, charge conjugation symmetry, etc.
It is certtiinly not appropriate to explain these terms here.
(See Ref. 2,) It is enough to note that they all have pre-
cise analogues in tile TLM equations, which explains the field
theorists’ enthusiasm~ for (CH) ! The specific converse
value to (CH) theorists is thexprescription of a construc-
tive procedur~ for determining all static solutions of the

——.
-—.
TLM equations: this follows because of the truly soliton6
nature of the models which has already been fully ex~)loitcd
in field theory literature.2’3
(b) CJualjtative similarities between field theories.—-.—. ..—— . ..——. .--.—————
Having (CHji, in mind} W(I include here structural similari-
ties betwee~ +4 and G-N field theories, and with continuum
models of Peierls-dirncrized chairs, $4-modelil,g of (CH)X
iliJs been used extensivr]y, 7 but cannot be justlficd rigo-
rously from t}lr TLM or G-N equations because the effective
local potc[ltial is strongly nonlinear and nonlocal and per-
Lurl)otion (t’qliiviilcnt to Ginzburg-Landau) expansions are
divrrgent in small amplitude regimes 8 (this difficulty is
toflsirferably ameliorated in M-fold commensurate Peierls sys-
tms with M > 29). Nevertheless, symmetry strongly links
the various models ari~ k[]own field theory results help to
explain the notable successes of 04-modeling.7

2, : KINKS AND 10LARONS.
‘~~l~~~sc~~t%~%-[~~/?,lo tr~n~-(CH) has bevn described

in an adiabatic, mean-field a;]proximationxby the rffective
llamiltoniaf14

where A(y) is the (real) gap 01 stagg~rcd displacement ordrr-
parametrr, V(y) thr (com~) rx) electron fir]d exprrssed below

b
as a 2-component spinor (v), UJ2/g2 thr net ~lectron-phonon
couplinR ronstar)t., v thr Ferm vrl~city, ar~d o, the i-th
Ptiuli muttiti, f’ yVarla Ion of H leads to th~’ sin~lr particle
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electron wave functions

&nUn(y) = -iv %(
Filyny) + My)vn(y)

&nVn(y) = +iv & Vn(y) + A(y)ufi(y) ,

*

(2)

and the self-?onsistent gap equation

[
2 -] ‘$’ L$(y)url(y) + un(Y)vn(Y~, “A(y) = -g2(2wQ) ~ “ 1 (:~)

11,s

The summation in (3) is over occupied elrctroll states and s
is a spin label (suppressed in (1) and (2)). (2) and (3)
are” our TLM equations.4

It is remarkable that all static solutions to tlItI TI.N——.
equations can be fo}old exactly and analytical ~. As w,, l,rI\t,
stressed, this is due to the prrcisely soliton propcrt i(’s
of the continuum equatio[ls, ]o Solutions can he gufIsseti I,y
educated Ans{itze or constructed as describeci irl Itrfc. 2,3.
FirstJ the ~ro~lnd state is spontaneously doul]ly-df’gt~[lerat(’..—— .— ___.
with2 4

in trans-(C}i) . W is the full orlr-o]rctron ha[l(twidth JIICl
2A0 th>-full ~~ndg,ap: L = c(k) = t (k2v~,+A~)2 (S(IP lig. 1).
Ex]llicit electron (;)]anr yhave-fu,,ctionsa, -eg~y(,p ir, ilefs,
2-4. Second, there art’ kink defects (solitor,s)&-q intrr---- ...
polating betw~en the degencratr ~round states:

+JY) = 2 A. tanh (Aoy/vF) . (5)

2-4
The associated electton levels comprise t=xtenrfrd v~lencr
and conduction band states which are distorted (ph,Jse-
shift.ed) w.r.t. the defect free case, cnd an additional lora-
lized “mid-gap” state (L E L = O; see Fig, 1). It is
worthwhile emphasizing tfiat i~horno~eneities in onr-dim~~nsioll—
will always introduce localizrd levels witfiin the Asp.
Kinks may be occupied singly or doubly or unoc(upir(l with

—.. ..—.

thp unusual charge hssiRnmrnts summorizcd in Fig. 1. 1n
all cases (neglecting Coulomk) the kirlk energy is EK = 2Ao/rI,
Added electrons or holes can stabilize a kink-~:~likjnk
lattice, also described analytically (as an elliptic func-
tion)iq)ll ThirJ are poliiron defects2’3’]2 (rquivdlent to—. —
“ba~s” in field thf uries), wl)ich can bfI writt?n transpar-
ently (caf, (5)) as
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FIGURE 1 Intrinsic defect states in trans-(cti~x ~nd ass~c -
iactd electronic leveis (32):

——
a) kink; b) polnrcn; c) kink

lattice. Dashtd lines lndicacc electron Jcnsltlr.. ‘for lLl-
calized st~tcs (~2J. : m \*Fl:.a, < - charge, 5 * spin, N -
;Jurnber of excess clcctks (holes) in the kink lartice 11

and WI - localized scaKe b.lndwidrh in this C.ISC.
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Ap(y) =Ao-KovF{tanh[Ko( y+yo)]-tanh[Ko( y-yo)]~ . (6)
*

Again the extended conduction and valence band electron wave
functions are phase-shifted by the defect, but two localized
states form symmetrically in the gap (Fig. 1) a~”+=fwo:

UJ = (A~-K~v:)% ; tanh (2Koyo) = Kov=/Ao . (7)o

It is known2 (see also energy considerations, $3) that only
the singly-occupied (eiectron or hole) polaron is stable,
e.g., double and single occupancy of & = -w and + u , res-
pectively. If the two level is unoccupied ?he polar~n col-
lapses to the vacuum, if doubly occupied an infinitely
separated charged kink-dntikink pair forms. It is important
to em hasize that (6) and associated electron wavti-func-
tions ! satisfy (2) for all K (UJ ): w + A corresponds to
uniform dirnerization an~w ~ O“to in?init~ly separated
kink-antikink. However, tfie gap equation (3) fixes K (Cof.
single kink theor~4). For the interesting singly-occ~pit’d
po]aron (3) gives2’3’12

UJ = KOVF = A@ ,
0 (8)

and this polaron has energy E
Y

= 2>’~A /n~ 0.90A . From
(6) and (8) note that this PO ar~n has”apl)roxim~t~ly the
samr width as the kink (5) (=10 A for trans-(CH)x). Thesr.—.. .
are compared ill Fig, 1, The pol rnn is of a stroug-
tuu}jliilg variety since polaron binding ener~y ~> maximruu

ph{)non energy (ttle criterion for a valid adiabatic approxi-
mation is very similar* ’F’), Furthermore, it is strongly
non-perturbative; the ?erturhative limit (which dors not
Siitlsfy (3)), w + A , Ap(y)-Ao * sech2(K y), correspxds
to a nonlin~ar ~rhrtiginger description,2 ?~miliarinonr-
dirncnsional polaron theory, The polaron has been observed
in indep~~ndcrrt nunerical sinlulations13 of thr lattice model$’
of (C}l)x anti ;lgrer~s Iwell with (6)-(8).

—..-.—..—..
lntcrcstingly, for

sj)inlrss !t.imlul~sld no stable po]aron iri found numerical ly 1 ?,

in agrevnlc’n~ with the rrlevari; N = 1 Gross-Neveu m(ldrl
r~’sults,z’~

3. wLITONS IN CIS-(CH) : POLARONS,
The riotion ~~a d(~#neratf* grourld statr ii) Pcic*rls dis-.—-... .. . ..

tortrd electron-phonori systems, leading as it does to kinks
with fractionirl charge, ] is of wider application than trans-
(CH) , especially when extended to M-fold commensurate sys-

——.

terns% (T’IF-TCNQ under pressurr, monoclinic TaS3, etc.),
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However, in another sense polarons are likely to be more
ubiquitous than kinks in a gener_a~ scenario of polymers
since they do not require conformation ciegeneracy (or Indeed
multi-conforma~on structures at all). Many polymers, un-
like trans-(CH) , have a nondegenerate ground state with
additional conf~rmations at higher energy; e.g., cis-(CH) ,
polycliacetylenes, ]s polyphenylenes,13 etc. Energ~iffer~
ence~ and barriers between local minima may each be small
or large, but (within steric constraints) inhomogeneous
states are again possible. However, static kink states
are now not possible unless pinned by impurities, chain
ends, etc. (See Fig. 2.) In equilibrium on the pure chain
only confined kink-antikink pairs (i.e., polarons) are poss-
ible. The notion of a confinement energy is shown in Fig. 2.
Since interesting doping, ESR observations etc, are by no
means limited to trans-(CH) , polydiacetylenes, ls poJ.ypheny-
lenes,13 etc. Energy differences and barriers between local
minima may each be small or large, but (within steric con-
straints) inhomogeneous states are again possible. However,
static kink stdtes are now not possible unless pinned by
impurities, chain ends, etc. (See Fig. 2,) In equilibrium
on the pure chain only confined kink-ai]tikink pairs (i.e.,
polarons) are possible. T}~e notion of a confinement energy
is shown in Fig. 2. Since interesting doping, ESR observii-
tions etc., arc by no means limited to trans-(CH) , it is---—
important to understand a wider spectrllm of polym:rs.

On these grriera] grounds, polarons (singly g! doullly
occupied) are expected very generally in the absence of
degen~racy. The following model (rfIJe to Brazovskli and
Kirova~2) is especially valuable slilce it again allo~’s an
explicit sol~ltion as for trar]s-(CH) . We assume a gap I.ara-.—---
meter ~(y) = A(y)+J

-——.—.-
, where L(v) isxs(.nsitive to electron

feedback (as in 52)etJut A is a constant ex~rinsic componcnti
Such an Ansatz i:

.— —.. —
quite pfausible for, say, cis-(C}l) in

terms of o-bond efff’cts ON distortions. I,] iii: rvcn~ it
Imnwdiately yields a soluble field theory (continuum limit)
as fo~ the degenerate case of 52, Wr m~rely rt}~liiCP A(}’)

with A(y) in the Dirar (electron) equations (2), hut not in
the corresponding gap equation [3) where A does not enter,
Thus, the structurr of thd electron si~ectr{rn and eigcn-
functions is prccisrly that of 52, hut the ncw gu]} equ:ltiol)-. ..-. ..
lead!; to a modified renormalization condition and con-
straints on boutlfl statr eigcnvalues. Spf*~ifical~y, WC*find
after sorer algf’bra that !.he ground statr A(y) = A = A. + A
is given by

o (’

(9)
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FIGURE 2 Illustration of “confinement” (see 53) for non-
degenerate conformations, e.g. (for ~-(CH)X) cis-transoid
(metastable) and trans-cisoid (stable), leading to polarons
and bi-polarons (cf. Ref. 23 but note the extended form
expected (53)). Recall also metastable state decay and nu-
cleation theories , which have potential polymer applications.
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FIGURE 3 Optical absorption (m) due to (c~cctron) polaron.
Contributions a), b), c) correspond to m3, al, 112, respec-
tively (54).
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Note that W and A are not in general the same as for trans-
(CH) in 52. As stated, single kinks no longer satisfy the
gap ~quat~on,+but polarons are again given by (6,7) (with

b and the same valence and conduction band
~~;c;?o;?g;ct?ons). —The only difference is the location
of Wn, which we find is now determined from

yKovF =: nwo(n+-n-) + wotan -*(wo/KovF) . (lo)

Here n+, n_ demote the occ~ancies of e+ = hJJ (Fig. 1),
respectively, and y = A f)do. For y = U, we ~ecover the
results of 52: ‘+ = 2,en = 2 gives w = 2 gives w = O,
(infinitely separated kinks); n = 1, ~_ = 2 gives ?8).
For y > 0, (10) gives rrontrivia ~ results for either single
or double (electron or hole) occupancy, as anticipated
(Fig. 2). The putat’ve ki~
cf. (6,7)) 2y =K

-t
~ separation (i.e., polaron width,

tanh (K v /~ ) increases with occupa-
tion, 8’ ‘fand corr~spon lngly the po ar~n becomes shallower.
[This general polaron trend is observed in discrete simula-
tions of polyparaphenylene13 (in which benzene and quinolene
ring structures are nondegenerate). ] The same conclllsions
follow from energy calcultitions for the general profile (6)
and then minimization w.r.t. woy (or K or y ) for each
occupation. ]n such calculations, pha:e-shi?t effects on
the extended electron Sldtf? due to the inhomogeneities must
be carefully ir;cludrd, but this is by now very familiar in
Su]itofl ~~hysicso 16 kc find generally]2

Ep[$,(~o) ]-Eo[Ao]=(n+-n-+2)wo+# KovF-~ w tan -l(KovF/wo)
o

(11)
+ ~ Loy[tanh

-1
(KoVF/io)-~oVF/~o] ,

from which all our previous results follow for y = O or > 0.
In pitrticular note thilt the last tery in (11) is essentially
thr confl~emcnt energy (Fig. 2) + (4Lo/nAv,)A (2yo), for

Y.
“ ‘f’AY’

\ P
The Ansatz (6) and correspon~~ng ent’rgy (11)

arr pro)db y also the best single-parameter way of studying
all possib]o kink-antikink interaction ener8i~s (in the con-
tinuum limit), For instance with n+ = Il_ and y = O, (11)

Rj’f[’s (EI,(yo)-E,(@~)/El,(~Jl+ exP(-~yo/t), y(, >>(,, ~llere $ =
Ii= (v./A y)(lrant(2KQyc)) .
k!nk pr-r~ir?ion. arc

This and all other kink-ant.l-
~n good agrrement with discrete simula-

tions, 1~’17 but wr t=rnphasize thitt these (and (6)) are static
descriptions and do not presage the com~)lex dynamics expecte(i
in collision proc(’ssrs 2)13 (See 55),
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u. OPTICAL ABSORPTICIN FRG?l PWAR[~NS.
The influence of a single kink and the klri-latti~e on

the optical absorpLlon have been studied in dctall. lg Here
k=s ccncentraLe on the contributlan of a single polaron In
trJns-(CH-l . Due LO the symmetry ..f the TLH-equatlc.ns f~jl.

ithe transl lon from the valence bari.1 (v.b.) t~ the ~ing]y
Gccupied locallzed state at & = +UJ [See Fig. l) is Lhe
same as the Lransitlon from the dc~bly cccupied staLe SL
E--w to the conduction band (c.h.). The same hGlds true
fGr th~ transitlonz v.b. + -W and *W - cl?.. Using Lhe
wave funct16ns u. v in the pr~sence o? a polarcm.z the optl-
Cal abscrptzGn G~uJJ lnvo]vlng Lransltlons Lo Gr frum a loca-
llzed state can be calculated; the results are sha~-n in F1.g.
3. (The

The
u, = Al :

c

w=

(

1+

detailed fcrmulae ~-ill be glveri elsewhere. ]9.1 -
transition -W - +W [til~wj] results in a /1-pL=ak at
V.t!. - +W (u!(w)! ?s singular at

G;

Ghereas Lhe trarisltlon +W + c.b. (ti3(~)j dGe5 nut shc~ an;-
singularity. Due tc the ~ccesslble spin SLdtCS, the tctal
cGntrlbuLlon of a single !elecLronl polarcmn to Ltie cptlr~l
ahsorptlon 1s iI (uJll = u (WI + u (w] + 3ti51W) %lth a LL.tGl lri-

F 1 3
tcnslty of . .

Wtiicli IS greater by a factor of 3.66 thafi thti c~rrespcn.dlnti
results for a single kink.]s A full dCCGuIIL c.f Lhest r~sults
together with Lhr lnterband contrlbuLlon fcr trans as L=c!l
as fox ~-[CHjx w1ll be given elsewhere. ls

5. (.CHj ANTIui’ PHENCJHENGLOGY.
We ?emarked In ~1 on the formal failure cf ldn,d*u-

Glnzburg-expansion-motivated 04 madellngi’k of half-flllcd
bind pelerls Chdlns In sma]l ampllLude order paramrLer f~)

i(g]mes. Nevertheless, the qualltatlvr successes are wry
real dnc! lt 1s Wrth=h]le f’mphaslzlng th~ structural rc]a-
tlonsh]ps betweerl these problems (and C-NJ which arr knc+n
from field theory sLudIes. Wp sll~arlzp s~me of Lhp<r

brlcfly:z
(1) The pr~t6type Ui4 Lap-anglan

(12;

(f, A ccin%tants) has the desired doubly degenerate ground
stat-e hut this arises from expllclt spont~lieous symm try
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breaking. In G-N or (CH) the effective potential for the
boson field (-A21nA2) ari~es dynamically. In a sense the 94
potential imita?es $alence band electron effects in (Clf) .
(ii) Unlike (12) there are no spatial gradients in G-N ~r
continuum models of (CH)X to control characteristic inhomo-
geneity size scales. Their role is played by nonlocalities
coming from the valence band.
(iii) All three models support kinks (because of the common
effective potential topology (i)), kink lattice (as elliptic
functions), polarons and “breathers.” However, to parody
the associated electronic properties in (CH) or G-N, it is
necessary to explicitly couple fermions to tfie Q-field.
This can be achieved in several ways (some allowing analytic
progress)2 which do indeed mirror the G-N bound state struc-
tures and spin/charge assignments.
(iv) Dynamics most clearly distinguish the models (see also
$6), but are also the least well studied features. Semi-
classical G-N enjoys literal soliton (i.e., purely phase-
shiftirig) collisions.2’3 This is not expected for (CH) .
Indeed the adiabatic ion dynamics ~ally assumed4’5 inx
(CH) is rather that of $4 (12). Collisions between $4
kink: (and b~eathers) have a fascinating and complex struc-
ture, much of which is due to a kink shape oscillation
mode.20 A similar mode has recently been ?redicted21 in
continuum (CH)X theory, so that simila~ collision structure
mi~ht be anticipated, This is somewhat supported by numeri-
cal simulations.13

6. DISCUSSION.
Studies are on-going in two major directions, First

to clarify those problems where field theory connections
are not available or are misleading, and secGnd to assess
impacts on experiments.

The difference in dynamics between continuum (CH) and
G-N is of central importance. We have already mentiontd
the structureless collisions in G-N ($5). It is also worth-
while emphasizing that the band of “breather” states3 in G-N
(of which the static polaron is the lowest member) can be
thought of as a conventional polaron band,2 but with real
(CH) dynamics shake-off phonon structure and decay channels
can tie expected. A second role for dynamics is to determine
the ~uantized spectra of the different. models. The full
G-N S-matrix is known reasonably conclusively (See Ref. 2)
and for N = 2 only kinks survive quantum fluctuations. How-
ever, our (CH)X mapping was to massive (i.e. , static) G-N.
Preliminary quantum Monte Carlo studies22 show that quantum
fluctuations are still large with (CH)X dynamics but on the
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2’ do not appearother hand first order quantum corrections
to destabilize the polaron. In addition, it is crucial tfi
assess interchain coupling and e-e interaction efl’ects.’
(The latter can produce exciton-polarons, recombination
barriers, etc.)

Turning t.o experimental implications of polarons (and
more generally breathers) we note first that on energy
grounds2’1’~ (5$2,31 single electrons added to cis-or tansy-

or similar polymers (by doping, injectio~”etc. )
——

shou d fcrm polarons initially and (with additiot.al elec-
trons) a kink (trans) or doubly occupied polaron (bi-polaron)
(cis) lattice. (Note also that a neutral kink and singly-
charged polaron (trans) will produce a charged kink.)
Timescales will depend on pinning mechanisms, Coulomb recom-
bination barriers, etc. It is clearly necessary to settle
uncertainties, over isomerization of trans from cis upon
doping.23 If polarons can be induced then their optical
absorption (54) is sufficiently different from kinks for
experiments to be encouraged and predictions of “mid-gap”
and IR absorption compared. A plausible scenario has been
given for 24 the contrasts between cis- and trans-(CH) upon—.
phoioinjection, particularly regar~g observation (oY not)
of a photocurrent and luminescence, The :-ame ~cenario
should include other conjugated polymers; polyphrny]enes,
polydiacetylenes, etc. It is clear, however, that for quan-
titative predictions more detailed understanding of kink/
polaron collisions are needed; the long carrier lifetimes
(-300 sec.) implied in trans data24 already suggests complex
dynamics (as in $4), more generally, as in conventional
small polaron semiconductor photoinjection theory, 25 explarla-
tion of photocurrent and luminescence needs details of
carrier transport, trap times, recombination kinetics, Ever]
when confinement ent’rgy encourages kink-antikink recombin~-
tion (e.g., cis-(CH) ), this may proceed through complex
intermediate (e.g. , ~rcather) metastable states bec.useof
intrinsic nonlinear dynamics, Here again wc also need to
understand e-e interaction effects on defect states--they
can in gerleral lead to “exciton-polarons” and reromhinat ion
barriers, Polaron transport theory has been described by
}{olstein in these Proceedings, Tunnel (e.g., diode) ir~je(-
tion is in principle a good way to observe polaron band and
shake-uff phonon structures, although energy changes are
rathc’r small in ‘he case of (CH)X (552,3), It is well to
recall the role of polarons expected on the metallic side- .——-—
of the doping trai~sition as in conventional amorphous semi-
conductor theory, Indred, finally, we express the hope that
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(CH)X and general amorphous semi-conductor theories will
move closer with concepts of dangling bonds, polarons bi-
polarons, negative U states, pseudogap, photoinjected mrrier
kinetics and recombination time scales, etc.. This would be
to their mutual benefit.
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